Abstract Understanding the coupling of oxygen, carbon, and sulfur cycles in the past is critical for reconstructing the history of biogeochemical cycles, paleoclimatic variations, and oceanic chemistry. ] ratio of the seawater in which it grew.
Introduction
Sulfate (SO 4 22 ) is the second most abundant anion ($28 mmol L 21 ) in the modern ocean. It plays a major role in anoxic sediments where microbial sulfate reduction (MSR) is globally the most important anaerobic pathway for organic matter remineralization [Canfield and Raiswell, 1999; Jïrgensen, 1982] . When coupled to pyrite formation, MSR is one of the main sinks of oceanic sulfate. The second sink of marine sulfate is the precipitation of evaporite, mostly from gypsum (CaSO 4 (2H 2 O)) and anhydrite (CaSO 4 ), whereas riverine inputs of sulfate to the marine system come from pyrite oxidation or gypsum dissolution on land. The high seawater sulfate concentration reflects its very long residence time of $20 Ma [Bottrell and Newton, 2006; Newton and Bottrell, 2007] . As a consequence, the sulfur isotopic composition of the modern ocean is homogeneous (d 34 S sw % 21&) [Paris et al., 2013; Rees et al., 1978] , where 
and VCDT (Vienna Canyon Diablo Troilite) is the reference standard [Coplen and Krouse, 1998 ]. In the ocean, microbial sulfate reduction, when combined with pyrite burial, couples the carbon, sulfur, and oxygen cycles. On land, weathering of pyrite consumes atmospheric O 2 , connecting the oxygen and sulfur cycles. This process generates sulfuric acid which then competes with CO 2 for the dissolution of carbonates [Beaulieu et al., 2011; Calmels et al., 2007] , thereby linking the terrestrial carbon and sulfur cycles. Quantifying S values of sulfate. Second, marine evaporites are temporally discrete by nature, limiting the resolution than can be achieved. The isotopic composition of sulfur from sedimentary barite (BaSO 4 ) has also been used to reconstruct the isotopic composition of seawater [Paytan et al., 1998 [Paytan et al., , 2004 . Barite is insoluble in seawater and is thus assumed to be very resistant to diagenetic changes. As a result, it has become the favored archive for paleoenvironmental reconstruction. Unlike gypsum, fractionation in barite is thought to be minimal and marine barite records from deep sea cores are continuous. However, barite precipitates in specific microenvironments enriched in barium and the potential for isotopic offsets from seawater sulfate have not been fully explored. Moreover, the S-isotopic composition of barite cannot be directly linked to the carbon and oxygen isotopic compositions of seawater and must instead rely on the assumption that barite and carbonate minerals found in the same sediments record the same environments. (Figure 1 ) [Burdett et al., 1989; Kampschulte et al., 2001] . Following early work on the Neogene [Burdett et al., 1989] , sulfur isotope analyses of CAS became more widespread and are now used to investigate the entire Phanerozoic and the Precambrian [e.g., Fike and Grotzinger, 2008; Gill et al., 2007; Kah et al., 2001; Kampschulte et al., 2001; Strauss, 1999] . However, the form CAS takes in the mineral lattice (e.g., inorganic or organic) has not Figure 1a encompasses the mean and 1r for seawater isotopic composition from Kampschulte et al. [2001] . The dashed white line is the mean value from Paris et al. [2013] .
Geochemistry, Geophysics, Geosystems yet been resolved Dauphin et al., 2005 Dauphin et al., , 2003 Erez, 2003] . Despite these unknowns, CAS is a potentially important archive for sulfur isotopic reconstructions because carbonate microfossils are ubiquitous and readily available to produce continuous records. In particular, foraminifera would have several advantages over barite for a Cenozoic d 34 S reconstruction. The depth habitats of many species are well constrained, foraminifera shells are the phase from which most age models are developed, and d 34 S data could be directly linked to foraminifera d 13 C and d 18 O records. However, before such records can be established, the sulfur isotopic relationship between seawater sulfate and CaCO 3 produced by foraminifera needs to be quantified.
In this study, we present results from a series of experiments with the planktonic foraminifera Orbulina universa, to quantify the relationship between the d 34 S of seawater SO 4 22 and lattice-bound sulfur in the foraminifera shell. Orbulina universa was used because its behavior and life cycle are well known, the environmental and physiological parameters affecting shell geochemistry are well characterized, and it is a robust species in the laboratory [Bemis et al., 2000; H€ onisch et al., 2003; Sanyal et al., 1996; Spero, 1988 Spero, , 1992 ] of culture waters, we prepared mixtures of ambient seawater and artificial seawater. Ambient seawater was collected 2 km offshore for use in culture experiments and filtered through 0.8 lm nitrate cellulose filters. Ambient seawater had an average pH 7.96 (total scale, offset from the NBS by $0.13 pH units) and alkalinity 5 2209 lmol kg 21 . We prepared synthetic seawater by adding salts to 18.2 MX ultrapure MilliQ water to match the concentrations of major cations and anions in seawater, except sulfate (Table 1 ) [Morel et al., 1979] . The d 34 S of sulfate differs by >22& in artificial and natural seawaters (21.82& and 20.86&, respectively), so these waters could be mixed in different proportions ( 1988], after which the empty tests were collected, rinsed in MilliQ water, and archived in 10 hole micropaleoslides for later analysis.
Isotopic Composition
All spherical tests obtained from an experimental group were pooled, cracked-open, soaked for 30 min in a 50:50 solution of 30% H 2 O 2 and 0.1M NaOH at 60 C to remove remnant organic matter, and rinsed three times in MilliQ water. Samples were dissolved using ultrapure Baseline Seastar HCl and dried down on a hot plate in a PicoTrace (trace metal clean) hood at 110 C. Following the procedure of Paris et al. [2013] , the residues were dissolved in 40 lL of 0.25% Seastar HCl and eluted through a column containing 20 lL of precleaned AG50X8 cationic exchange resin to remove cations. The resin was rinsed with 3 3 20 lL of 0.25% Seastar HCl to ensure complete recovery of sulfate.
Following purification, sulfur isotopes were analyzed on the ThermoScientific Neptune Plus MC-ICP-MS using a desolvating membrane (Aridus, Cetac) to minimize O 2 isobaric interference, and with samplestandard bracketing to correct for instrumental mass fractionation drift [Paris et al., 2013] . The bracketing standard solution contained 5 lM sulfate and the samples were adjusted to reach sulfate concentrations at or below this level. All isotope ratios were corrected for instrumental fractionation, by assuming linear drift between successive standards, and for instrumental background. Concentrations were measured on a DX500 Dionex Ion Chromatograph.
Data Processing
Measured sulfate concentrations and isotope ratios were corrected for procedural blanks by mass balance. The amount of sulfate in the foraminifera samples is given by n foram 5 n meas 2 n blank (3) where n represents the number of moles of sulfate in a foraminifera sample, in the total measured sample, or in the procedural blank. 
We measured n blank 5 0.13 6 0.06 nmol (1sd, n 5 3) with a d 34 S blank value of 22.21 6 0.4& (1sd, n 5 3).
Because the foraminifera were collected as juveniles from the ocean, 5-10% of the shell calcite (trochospiral shell) was precipitated under marine, rather than experimental, conditions [Spero and Parker, 1985] . We assume that this juvenile calcite has the same sulfate abundance (n foram ) and isotopic composition (d 34 S foram ) as the foraminifera from Experiment 4 grown in ambient seawater. We correct for this nonexperimental shell material using the same mass balance equations described above for the procedural blank. Uncertainty in the corrected d
34
S and concentration values is calculated by a Monte Carlo method, propagating the standard deviation obtained for random populations of 1000 values with a normal distribution characterized by the standard deviation estimated for each member of equations (4) and (5).
NanoSIMS
Ion probe analyses were performed on the Cameca NanoSIMS 50-L at Caltech. Mg and Ca are usually analyzed using a 16 
Results

Isotopic Compositions
Concentrations and isotopic compositions of the culture water and foraminifera from each experiment are reported in Tables 2 and 3 and plotted in Figure 2 . with a MSDW of 1.3, suggesting that analytical errors explain the observed scatter around the trend (Table 4 ). The fractionation between seawater and O. universa (e foram/sw ) is calculated as
The average fractionation for the four experiments is 21.03 6 0.70& (2r, n 5 4).
Sulfur Content and Distribution in the Shell
Bulk sulfate concentrations in shells and culture seawater are conveniently compared using the distribution coefficient
The average K d is 261 6 11 3 10 26 (Table 5 ) and, similar to the isotopic fractionation, shows no significant variation between experiments.
Micron-scale spatial variability of sulfur incorporation in the foraminifera shell is clearly visible in the Nano-SIMS rasters and profiles (Figure 3 ). Both Mg/Ca and S/O ratios are characterized by strong banding following the growth layers (Figure 3 ). The position of the banding is similar, but not identical, for the two elements and appears to be more subparallel to the sides of the shell walls for Mg/Ca than for S/O ( Figure  3c ). For instance, profile 2 is located along the highest S/O values and the correspondence between Mg/Ca and S/O peaks is less strict than on profiles 1 and 3. In this area, the S/O bands are not as subparallel to the foraminifera walls as the Mg/Ca bands are. 
Discussion
Our data show that O. universa shells faithfully record both the sulfate d 34 S value and the SO 4
22
/Ca 21 ratio of seawater, with systematic offsets. The isotopic fractionation by this species is constant over the range of seawater chemistries studied, although CAS data from other calcifying organisms suggest much greater variance [Burdett et al., 1989; Kampschulte and Strauss, 2004] . In an attempt to confirm that this variance in the offset is biological rather than analytical in origin, we measured the sulfur isotopic composition of one specimen of the deep-sea coral Variability in the isotopic fractionation of sulfur in marine calcifiers could be related to the inorganic processes controlling SO 4 incorporation into calcite. Unfortunately, little is known about the location and mechanism of sulfate incorporation into the calcium carbonate lattice [Staudt et al., 1994] . In all calcifiers, sulfate must be excluded from the precipitating crystal because there is more sulfate in seawater than both calcium and carbonate ion. Compared to the planar carbonate ion, the sulfate group is bigger and tetrahedral. However, calcite precipitation experiments suggest sulfate is substituted for the carbonate ion as calcite grows. It is interpreted to be preferentially included in kink sites where the three neighbor calcium atoms are located in the same atomic layer, making this a less constrained and bigger site, thus more likely to accept sulfate [Staudt et al., 1994 ]. An overall positive correlation has been observed between the distribution coefficient and the growth rate during synthetic calcite precipitation experiments [Busenberg and Plummer, 1985] , but the exact mechanisms of incorporation remain elusive. These inorganic processes are likely to drive d 34 S in one direction relative to an inorganic reference frame and might therefore be an unlikely candidate to explain marine calcifiers that are both heavier and lighter than seawater. However, we do not yet have good experimental data on the d 34 S of CAS precipitated at equilibrium. Lab experiments of this type are clearly an important next step.
In addition to inorganic sulfate, biogenic carbonates can contain organic matrix sulfur in components such as glycosaminoglycans [B e and Ericson, 1963] or the amino acids, methionine and cysteine. For corals and mollusks, sulfate has been proposed to be primarily located in the organic matrix using both X-ray absorption near-edge structure spectroscopy (XANES) at the K-edge of sulfur and Raman spectroscopy Dauphin et al., 2005 Dauphin et al., , 2003 . These authors identified S associated with both amino acids and sulfated polysaccharides (chondroitin sulfate), the latter promoting the precipitation and orientation of calcium carbonates [Addadi et al., 1987] . However, sulfur in amino acids is fully reduced and covalently bonded to the carbon backbone (as thiol functional groups), and so would have to be fully oxidized prior to the ion exchange purification of sulfate. In the case of foraminifera, these molecules are concentrated in the organic matrix, and more precisely for O. universa within the primary organic membrane (POM) [B e et al., 1979; Spero, 1988] . This organic layer is the biomineralizing matrix that coincides with initial calcification of the spherical shell. Mg/Ca banding has been reported on both the inside and outside of the O. universa sphere [Eggins et al., 2004] , although the POM itself is Mg-poor [Sadekov et al., 2005] .
The departure of biogenic calcite or aragonite d 34 S from that of seawater could potentially be explained either by a mixture of these three organic sources of sulfur or by still-to-be-determined inorganic fractionation. Hypothetically, if we assume that CAS is not fractionated versus seawater, the departure of the isotopic composition could be explained by a mixed contribution of sulfur from CAS and organic sulfur. However, cleaning tests on mollusks designed to remove organic matter show no variation of the sulfur isotopic composition even though the measured concentration of sulfate is reduced, leading to the conclusion that any sulfur carried by the organic phase has an isotopic composition that is the same as inorganic sulfate [Burdett et al., 1989] . If this is true for foraminifera as well, our data cannot be explained by mixing between organic and inorganic sulfur. Furthermore, mass balance dictates that the sulfur we measured as CAS must be overwhelmingly inorganic. The CAS content of Orbulina can be as high as $1650 ppm (or 0.16 wt % of the shell), which corresponds to $0.05 wt % sulfur. Oxidative cleaning removes the leftover protoplasm from the shell, but it may not be able to remove the organic matrix intimately associated with CaCO 3 . Assuming the organic matrix represents 0.2% of the shell weight [Weiner and Erez, 1984] , this would require 75% of the mass of the organic matrix to be sulfate to explain all of the sulfur we find in the shell, which is clearly unrealistic. Most of the sulfur in the organic matrix probably resides in amino acids that are likely to bear an isotopic composition significantly different from seawater. Proteins account for about 10% of the matrix [N€ urnberg et al., 1996; Weiner and Erez, 1984] , $13 wt % of which on average are methionine, with no numbers reported for cysteine [Robbins and Brew, 1990] . These numbers imply that $1.1% of the total sulfur in the shell is organic, which would require the d 34 S of this pool to be $270& to explain the $21& offset from seawater measured in Experiment 4. This calculation is sensitive to the ratio of methionine to cysteine because of the substantially different molecular weights for these two molecules. For the assimilitory pathways in these marine calcifiers, a very negative d 34 S value for the protenacious sulfur seems unlikely.
Finally, it is unlikely the sulfur isotopic composition of cysteine and methionine could be reset in only a few days as most of the organic precursors for these amino acids likely come from the Artemia nauplii the foraminifera are being fed. In contrast, because of a constant fractionation and K d , our data strongly suggest the inorganic incorporation of sulfate into the shell is the dominant source of measured CAS. This interpretation is further supported by NanoSIMS data. NanoSIMS elemental maps show a very specific distribution of sulfur, with banding similar to the well-documented Mg/Ca banding [Eggins et al., 2004] . Minor differences between the two patterns arise from a lower peak height to background ratio for S/O, suggesting an overall more homogeneous distribution for sulfur than for magnesium, and also from the less straight shape of the S/O bands ( Figure 3c ). These data show that sulfur is not associated with the organic rich POM which is found between the low-Mg band separating the four broadly spaced Mg-rich bands on the outside and the four closely spaced Mg-rich bands on the inner side of the shell (Figure 3 ). These images also suggest that the behavior of S is coupled to the banding behavior of Mg, in agreement with observations performed on Amphistegina lobifera [Erez, 2003] . Even if the ultimate control for Mg/Ca dark/light banding remains debated, it does not reflect variations in organic matter content [Sadekov et al., 2005] . Based on these observations, we conclude that our NanoSIMS data support the idea that nearly all of the sulfur in Orbulina universa is present as inorganic CAS. Hence, the isotopic fractionation must be associated with inorganic processes, even though equilibrium fractionation and kinetic effects during the incorporation of sulfate within carbonates are not known.
As previously mentioned, we also noticed that the CAS content of the cultured O. universa depends on the seawater sulfate concentration. However, the sulfate content of our cultured Orbulina is higher than CAS content ($700 ppm) measured in Atlantic core-top specimens [Berry, 1998 ]. Such an observation could be Geochemistry, Geophysics, Geosystems due to early diagenesis of the tests on the seafloor. Alternatively, differences in K d could be due to the existence of distinct genotypes of Orbulina in the Caribbean and the Southern California Bright [Darling et al., 1999] . Further work is required to understand the evolution and preservation of sulfur distribution and concentration in the test as it sinks through the water column (live specimens, plankton tows, sediments traps, and core-tops) and/or the difference between clusters of Orbulina universa genotypes. We would then be able to offer a new proxy for seawater sulfate concentration.
Conclusions
Using MC-ICP-MS, we are able to measure the sulfur-isotopic composition of CAS in samples containing <0.65 mg of carbonate and thus to accurately and precisely measure only 10-15 foraminifera shells. ] of the oceans through geologic times.
